ABSTRACT Aims/Introduction: Pancreatic a-cell area and the a-to b-cell area ratio (a/b) might be associated with glucose tolerance. The aim was to clarify how these histological parameters change as glucose tolerance deteriorates. Materials and Methods: We analyzed pancreatic tissues obtained from pancreatectomies of 43 patients. We evaluated the relationships between a-cell area or the a/b and various clinical parameters. Additionally, we analyzed a-cell proliferation and the expression patterns of various pancreatic transcription factors. Results: The a/b in individuals with longstanding (previously diagnosed) type 2 diabetes (0.36 -0.12) was higher than that in those with normal glucose tolerance (0.18 -0.10; P < 0.01), impaired glucose tolerance (0.17 -0.12; P < 0.05) and newly diagnosed diabetes (0.17 -0.12; P < 0.05). In all participants, glycated hemoglobin (HbA1c) correlated with relative a-cell area (P = 0.010). Diabetes duration (P = 0.004), HbA1c (P < 0.001) and plasma glucose levels (P = 0.008) were significantly correlated with the a/b in single regression analyses, and diabetes duration was the only independent and significant determinant in stepwise multiple regression analyses (P = 0.006). The a-cell Ki67-positive ratio in patients with HbA1c ≥6.5% was significantly higher than that in patients with HbA1c <6.5% (P = 0.022). We identified b-cells that expressed aristalessrelated homeobox and a-cells that did not express aristaless-related homeobox at all glucose tolerance stages. Aristaless-related homeobox and NK homeobox 6.1 expression patterns varied in insulin and glucagon double-positive cells. Conclusions: The pancreatic a/b increases after type 2 diabetes onset and correlates with diabetes duration. This change might occur through a-cell proliferation and phenotypic changes in pancreatic endocrine cells.
INTRODUCTION
Diabetes is regarded as a bi-hormonal disorder in which patients show either relative or absolute insulin secretion deficiency and relative or absolute excess glucagon secretion 1 . Glucagon plays an important role in maintaining glucose homeostasis through its regulatory effect on hepatic glucose production 2 . Although glucagon secretion is suppressed by carbohydrate loading in healthy individuals, this is not always the case in type 2 diabetes 3 . Glucagon is secreted from the pancreatic a-cell, which is one of the cell types that comprise the pancreatic islet. In humans, it is controversial as to whether a-cell mass changes as glucose intolerance proceeds. Some studies have reported that a-cell mass was increased in patients with type 2 diabetes 4, 5 , whereas others have concluded that there was no significant difference in a-cell mass between patients with type 2 diabetes and nondiabetic individuals [6] [7] [8] . There is a consensus that the a-to bcell area ratio (a/b) in the pancreatic parenchyma and the acell area ratio in islets increase in type 2 diabetes 5, 7, 9 , but the time-course, the mechanisms underlying these histological changes and the type of factors affecting these changes have not been elucidated.
In humans, b-cell mass decreases during the progression of glucose intolerance, which is thought to be primarily the result of altered b-cell proliferation 10 and apoptosis 11, 12 . In addition, transdifferentiation and dedifferentiation in pancreatic endocrine cells might also contribute to this histological change. A number of studies have reported transdifferentiation not only from a-to b-cells 13 , but also from b-to a-cells [14] [15] [16] . Dedifferentiation of b-cells and conversion to other endocrine cell types in forkhead box protein O1 knock-out mice 14 and the conversion from b-to a-cells in isolated human islets have been observed 15 . However, transdifferentiation and dedifferentiation have not been confirmed in vivo in humans.
Human islet histological analysis has been primarily carried out using autopsy samples 4, 6, 7 or samples obtained from pancreatectomy. Using autopsy samples, whole pancreatic tissue can be examined, whereas only part of the pancreas can be examined using operative samples. Additionally, the latter approach cannot exclude effects of various factors originating from primary diseases, such as inflammation. However, the latter approach has some advantages. It enables us to collect clinical characteristics of patients in detail 11, 17 , and obtain fresh tissue with which we can carry out precise examination of Ki67 staining 18 .
In the present study, we analyzed human pancreatic tissues obtained from pancreatectomies in patients at various glucose tolerance stages. We evaluated the relationships between a-cell area or the a/b and various clinical parameters. Additionally, we analyzed a-cell proliferation and apoptosis. Furthermore, we assessed the expression patterns of various transcription factors that are crucial for pancreatic endocrine cell development, particularly aristaless-related homeobox (ARX), an a-cell transcription factor 19, 20 , to detect the possibility of transdifferentiation and dedifferentiation in human pancreas.
METHODS

Patients
We enrolled 43 Japanese patients (25 men and 18 women) who had undergone pancreatic resection between 2008 and 2013 in the Department of Gastroenterological Surgery, Osaka University Hospital, Suita, Japan, and had agreed to participate in this study. The study protocol was approved by the ethics committee of Osaka University (approval number 13279-4), and was carried out in accordance with the Declaration of Helsinki. Informed consent was obtained from all patients. Diabetes patients treated with dipeptidyl peptidase-4 inhibitors or glucagon-like peptide-1 receptor agonists, patients with renal failure (estimated glomerular filtration rate <30 mL/min/ 1.73 m 2 ) and patients with pancreatic endocrine tumors were excluded from this study. The flow chart of the patients' disposition is shown in Figure S1 . The mean age was 66 -11 years, and the mean body mass index (BMI) was 21. 
Laboratory tests
Preoperative insulin secretory capacity was evaluated by homeostatic model assessment for b-cell function (HOMA-b) 21 , C-peptide index 22 and insulinogenic index 23 . Insulin resistance was evaluated by HOMA for insulin resistance (HOMA-R) 21 , and insulin sensitivity was evaluated by the Matsuda index 24 . These values, as well as fasting plasma glucose levels, were determined using the data obtained from preoperative 75-g OGTT. In patients who did not undergo 75-g OGTT, these laboratory data, except insulinogenic index and Matsuda index were also measured 1-60 days before pancreatic resection. Additionally, HbA1c was measured 1-60 days before pancreatic resection.
Pancreatic tissue processing
We obtained pancreas head tissue samples from patients who had undergone pancreatoduodenectomy, and pancreas body or tail tissue samples from patients who had undergone distal pancreatectomy. The pancreatic tissue sample region could not be determined in one patient who had undergone total pancreatectomy. Pancreatic samples were collected during the operation. The tissues were isolated from near the resected margins after intraoperative consultation, fixed immediately in formaldehyde and embedded in paraffin for subsequent analysis. Paraffinembedded tissue was cut into 5-lm thick sections. We confirmed suitability of our samples by rejecting inflammation and cancer elements by hematoxylin-eosin staining and fibrosis changes from pancreatitis originating from pancreas disease by AZAN staining. Sections with >30% fibrous area estimated by AZAN staining were excluded from the present study 17 .
Immunohistochemistry
The primary and secondary antibodies and chromogenic substrates used in the present study are listed in Table S1 . We used an anti-ARX antibody from Dr Patrick Collombat for immunostaining.
As a surrogate for a-cell mass, we evaluated relative a-cell area, which was determined by the proportion of glucagon-positive cell area in the whole pancreatic section (%; Figure S2a ). We also evaluated relative b-cell area ( Figure S2b ) and calculated the a/b. Pancreatic sections were stained using the indirect immunoperoxidase technique to measure relative a-and b-cell areas. We used antiglucagon and anti-insulin immunoglobulins (Igs) as primary antibodies and biotinylated Igs as secondary antibodies. The reactions were developed with an avidin-biotin complex and a 3,3-diaminobenzidine tetrahydrochloride substrate, followed by methyl green counterstaining.
To evaluate the extent of replication and apoptosis, we carried out double immunofluorescent staining for glucagon or To evaluate the ratio of immature endocrine cells, we carried out double immunofluorescent staining for insulin and glucagon. The sections were stained with anti-insulin Igs followed by rhodamine-conjugated Igs, and then stained with anti-glucagon Igs followed by Alexa Fluor 488-conjugated Igs.
To evaluate the endocrine cell characteristics, we carried out triple immunostaining for insulin, glucagon and ARX or NK homeobox 6.1 (NKX6.1) with a pair of mirror sections. First, the sections were incubated with anti-ARX or anti-NKX6.1 Igs as primary antibodies and biotinylated Igs as secondary antibodies, and then the reactions were developed with an avidin-biotin complex and a 3,3-diaminobenzidine tetrahydrochloride substrate. Next, the sections were stained with anti-insulin Igs followed by rhodamine-conjugated Igs, and then stained with antiglucagon Igs followed by Alexa Fluor 488-conjugated Igs. We also carried out triple immunostaining for insulin, glucagon and pancreas duodenal homeobox gene 1 (PDX-1). The sections were incubated with anti-PDX-1 Igs as primary antibodies and biotinylated Igs as secondary antibodies, and then the reactions were developed with an avidin-biotin complex and a 3,3-diaminobenzidine tetrahydrochloride substrate. Next, the sections were stained with anti-insulin Igs followed by Alexa Fluor 594-conjugated Igs, and then stained with antiglucagon Igs followed by Alexa Fluor 488-conjugated Igs.
Morphometric analysis
Immunohistochemical analyses were carried out on one section per patient. The mean area of the sections used to determine the relative a-cell area was 18.2 mm 2 (standard deviation 11.1 mm 2 ). Glucagon or insulin-positive cell area in the entire pancreatic section was quantified digitally with the WinROOF software program (Mitani Corporation, Fukui, Japan) 13, 19 . We 
Statistical analysis
Normally distributed data are presented as the mean -standard deviation, and non-normally distributed data are presented as the medians and IQR. Normally distributed data were compared by one-way analysis of variance followed by a post-hoc Tukey-Kramer analysis (three or more groups) or Student's ttest (two groups). Non-normally distributed data were compared using the Kruskal-Wallis test followed by a post-hoc Steel-Dwass analysis (three or more groups) or the Wilcoxon test (two groups). Single regression and stepwise multiple regression analyses were carried out to identify explanatory variables for relative a-cell area, the a/b and the Ki67-positive ratio. P-values <0.05 denoted the presence of a statistically significant difference. All statistical analyses were carried out with the JMP Pro 10.0.2 software program (Statistical Analysis System Inc., Cary, NC, USA).
RESULTS
Clinical characteristics, laboratory data, relative a-cell area and the a/b Table 1 lists the clinical characteristics of the patients. The average age was 66 -11 years, and the average BMI was 21.4 -2.9 kg/m 2 . Patients were diagnosed as NGT (n = 14), IGT (n = 10), new-diabetes (n = 9) or long-type 2 diabetes (n = 10). Primary diseases were mainly pancreatic cancer (n = 17) and cystic lesions of the pancreas (n = 14), including intraductal papillary mucinous neoplasm, mucinous cystic neoplasm and simple cyst. Other diseases included cholangiocarcinoma (n = 4), tumor of the ampulla of Vater (n = 4), hepatocellular carcinoma (n = 1), cholangitis (n = 1), chronic pancreatitis (n = 1) and pancreatic metastasis from renal cell carcinoma (n = 1). The operative procedures were pancreatoduodenectomy (n = 29), distal pancreatectomy (n = 13) and total pancreatectomy (n = 1). A total of 11 patients had been treated with anticancer agents before surgery. There were no significant differences in age or BMI between the four groups. Diabetes duration in the long-type 2 diabetes group was 16 -12 years. Diabetes duration of new-diabetes was defined as 0 years. HbA1c was significantly higher in the new-diabetes group than that in the NGT group (P < 0.05) and higher in the long-type 2 diabetes group than that in the NGT (P < 0.01), IGT (P < 0.01) and new-diabetes (P < 0.01) groups. HbA1c levels in nine patients in the long-type 2 diabetes group were checked more than once before operation. Among them, eight patients kept HbA1c >6.5% during several months before operation. The remaining one patient maintained HbA1c around 6.5%. The fasting plasma glucose level in the long-type 2 diabetes group was significantly higher than those in the NGT (P < 0.01), IGT (P < 0.01) and new-diabetes (P < 0.05) groups. The fasting C-peptide immunoreactivity (F-CPR) level in the long-type 2 diabetes cohort was significantly lower than that in the NGT group (P < 0.05). The C-peptide index in the long-type 2 diabetes group was lower than those in the NGT (P < 0.01), IGT (P < 0.05) and new-diabetes (P < 0.05) groups. The insulinogenic index was lower in the new-diabetes cohort than that in individuals with NGT (P < 0.01). The Matsuda index was lower in the IGT group than that in the NGT group (P < 0.05). There were no significant differences in fasting immunoreactive insulin levels, HOMA-b, HOMA-R or C-reactive protein levels between the four groups.
The relative a-cell area tended to increase in the long-type 2 diabetes group, but there were no significant differences between the four groups. The relative b-cell area tended to decrease with glucose tolerance worsening. The a/b was 0.18 -0.10, 0.17 -0.12, 0.17 -0.12 and 0.36 -0.12 in the NGT, IGT, new-diabetes and long-type 2 diabetes groups, respectively. The a/b in the long-type 2 diabetes group was significantly higher than those in the NGT (P < 0.01), IGT (P < 0.05) and new-diabetes (P < 0.05) groups.
The relative a-cell area and the a/b were not different between patients with benign diseases (n = 18) and those with malignant diseases (n = 25; Figure S4a ,b, 0.21 -0.12% vs Relationship between relative a-cell area, b-cell area or the a/b and clinical parameters Figure 1 shows the single regression analyses between relative a-cell area and various clinical parameters. In a single regression analysis, HbA1c was the only parameter that significantly correlated with relative a-cell area. Age, BMI, diabetes duration, fasting plasma glucose levels, insulin secretory capacity, insulin resistance and insulin sensitivity were not significantly correlated with relative a-cell area. Figure 2 shows the single regression analyses between relative b-cell area and various clinical parameters. In single regression analyses, parameters representing insulin secretory capacity including fasting immunoreactive insulin, HOMA-b and Cpeptide index were significantly correlated with relative b-cell area, whereas there were no significant correlations between age, BMI, diabetes duration, HbA1c and FPG, and relative bcell area. Figure 3 shows the single regression analyses between the a/b and various clinical parameters. In single regression analyses, diabetes duration, HbA1c and fasting plasma glucose levels were significantly correlated with the a/b. Age, BMI, insulin secretory capacity, insulin resistance and insulin sensitivity were not significantly correlated with the a/b. Furthermore, a stepwise multiple regression analysis carried out with the variables that correlated significantly with the a/b identified diabetes duration as the only independent and significant determinant of the ratio (P = 0.006; Table 2 ).
Ki67-and cCAS3-positive ratio in a-and b-cells We evaluated the Ki67-positive ratio in a-and b-cells to examine proliferation. The median Ki67-positive ratio in acells (%) was 0.00% (IQR 0.00%), 0.00% (IQR 0.03%), 0.00% (IQR 0.05%) and 0.05% (IQR 0.17%) in the NGT, IGT, newdiabetes and long-type 2 diabetes groups, respectively. There were no significant differences in these ratios between the four groups (P = 0.125), but there was a tendency for proliferation to increase with glucose tolerance worsening (Figure 4a ). There was no significant correlation between HbA1c and the a-cell Ki67-positive ratio by Spearman's rank correlation coefficient (P = 0.103). However, the a-cell Ki67-positive ratio in patients with HbA1c ≥6.5%, the criteria for diabetes in Japan, was significantly higher than that in patients with HbA1c the NGT, IGT, new-diabetes and long-type 2 diabetes groups, respectively. There were no significant differences in these ratios between the four groups (P = 0.451).
To examine the influence of apoptosis, we evaluated the cCAS3-positive ratio in a-and b-cells. The median cCAS3-positive ratio in a-cells (%) was 0.00% (IQR 0.00%), 0.00% (IQR 0.02%), 0.00% (IQR 0.00%) and 0.00% (IQR 0.02%) in the NGT, IGT, new-diabetes and long-type 2 diabetes groups, respectively. There were no significant differences in these ratios between the four groups (P = 0.745). The cCAS3-positive ratio (%) of the patients with HbA1c <6.5% was 0.00% (IQR 0.00%) and the patients with HbA1c ≥6.5% was 0.00% (IQR 0.04%). There were no significant differences in these ratios between the two groups (P = 0.225). The median cCAS3-positive ratio in b-cells (%) was 0.00% (IQR 0.10%), 0.00% (IQR 0.09%), 0.00% (IQR 0.08%) and 0.05% (IQR 0.13%) in the NGT, IGT, new-diabetes and long-type 2 diabetes groups, respectively. There were no significant differences in these ratios between the four groups (P = 0.813).
Insulin and glucagon double-positive cells
We evaluated the prevalence of glucagon-positive cells that coexpressed insulin to identify immature endocrine cells as neogenic a-cells. The median INS + GCG + ratios were 0.73% (IQR 0.64%), 0.56% (IQR 1.51%), 0.77% (IQR 1.45%) and 1.07% (IQR 1.11%) in NGT, IGT, new-diabetes and the long-type 2 diabetes groups, respectively (Figure 5a) , and there were no significant differences between the four groups (P = 0.560). The median INS + GCG + ratios (%) were 0.70% (IQR 0.55%) and 1.00% (IQR 1.16%) in individuals with HbA1c <6.5% and those with HbA1c ≥6.5% (P = 0.255), respectively (Figure 5b ).
Expression patterns of transcription factors in endocrine cells
We evaluated the expression patterns of various transcription factors including ARX in insulin-and glucagon-positive cells to examine processes of phenotypic change, such as dedifferentiation and transdifferentiation. Figure 6 shows triple immunostaining for glucagon, insulin and ARX. Neither glycated hemoglobin nor fasting plasma glucose were significant determinants in this analysis. AICc, second-order Akaike's information criterion; BIC, Bayesian information criterion. 
DISCUSSION
In the present study, we analyzed human pancreatic tissues obtained from pancreatectomies, and revealed that the a/b was significantly correlated with HbA1c, fasting plasma glucose levels and type 2 diabetes duration, and that diabetes duration was the only independent and significant determinant of the ratio. We also showed that the a/b was significantly higher in individuals with long-type 2 diabetes than that in the NGT, IGT and new-DM groups, and there were no significant differences in this ratio between the NGT, IGT and new-diabetes groups. These results suggest that the a-cell mass relative to bcell mass increases after type 2 diabetes onset, and that this relative increase depends on the period of chronic hyperglycemia.
Additionally, we showed that the a-cell area was significantly associated with HbA1c. The a-cell Ki67-positive ratio in patients with HbA1c ≥6.5%, the criteria for diabetes in Japan, was significantly higher than that in patients with HbA1c <6.5%. Thus, one of the potential mechanisms of the increase in a-cell mass related to chronic hyperglycemia might be a-cell proliferation, which might also partly contribute to the increase in the a/b. It has been previously reported that adult human a-cells can proliferate remarkably during type 1 diabetes progression 25 . One of the factors promoting a-cell proliferation is interleukin-6 26, 27 . Blood interleukin-6 levels in patients with type 2 diabetes are reported to be higher than those in healthy controls 28 . Macrophages and granulocytes, which produce and secrete interleukin-6, are found in islets of Goto-Kakizaki rats 29 , which are often used as a non-obese diabetic model. In contrast, glucagon-like peptide-1 accelerated b-cell proliferation and reduced a-cell proliferation by downregulating retinoblastoma protein 30 . The decreased incretin effect associated with impaired glucose tolerance 31 might also promote a-cell proliferation. We thought that a-cell proliferation affects the increment of a-cell mass to some extent, but other mechanisms might also be involved in the increase of a-cell mass, because the a-cell Ki67-positive ratio was very low. We examined the ratio of glucagon-positive cells in ductal epithelium as neogenic cells, but there were no significant differences between the NGT, IGT, new-diabetes and long-type 2 diabetes groups, respectively (data not shown). Then, we considered that phenotypic changes in pancreatic endocrine cells might be another potential mechanism underlying the increase in a-cell mass relative to b-cell mass. In fact, chronic hyperglycemia resulted in a reduction in insulin-positive cells and an increase in glucagon-positive cells through b-cell transdifferentiation in a diabetic mouse model 32 . Pancreatic endocrine phenotypic changes and the resulting change in the balance between a-and b-cell mass might easily occur when diabetes duration becomes longer. We examined ARX and PDX-1 expression in pancreatic endocrine cells to investigate the possibility of dedifferentiation and pancreatic endocrine cell volume and the change in the balance between these pancreatic endocrine cells with worsening glucose tolerance. Although we could not evaluate the precise number of the various types of INS + GCG + cells described above at four stages of glucose tolerance in the present study, further investigation will confirm this hypothesis.
The present study had certain limitations that should be considered when interpreting the results. First, although we excluded samples with confirmed strong inflammation by hematoxylin-eosin staining and fibrosis changes by AZAN staining, pancreatic inflammation derived from primary pancreatic (mainly malignant) diseases might affect the relative a-cell area and the a/b. Second, 25 patients had malignant diseases, and their preoperative BMI was 21.3 -3.2 kg/m 2 , which was relatively low. A total of 11 of these patients received anticancer agents preoperatively. The relative a-cell area and the a/b were not different between patients with benign diseases and those with malignant diseases or between patients who had been treated with anticancer agents and those who had not. However, we could not completely exclude an effect of malignant diseases and anticancer agents on pancreatic histology or glucose tolerance. Third, we did not discriminate pancreas head tissue samples from pancreas body or tail tissue samples and, therefore, analyzed these samples together. We could not exclude an influence of the sampling site on pancreatic histology. In a previous report, a-and b-cell area fractions, as well as the a/b, were not significantly different between islets obtained from the pancreas head, body and tail
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